Objective: The study objective was to quantify the effect of ring type, ring-annulus sizing, suture position, and surgeon on the forces required to tie down and constrain a mitral annuloplasty ring to a beating heart.
Undersized rigid or semi-rigid ring annuloplasty has been the favored approach for IMR repair. 4 Although favored, IMR repair durability is generally poor. 6, 7 One increasingly recognized adverse event after IMR repair is annuloplasty suture dehiscence. Among studies of reoperation after failed annuloplasty-based mitral repair, the proportion of failures attributed to annular suture dehiscence is 13% to 42%. [8] [9] [10] A range of reports [11] [12] [13] [14] [15] reveal that suture dehiscence is a pressing challenge across device types. Its consequences may be severe, including device migration, embolization, endocarditis, recurrent regurgitation, and increased patient mortality. [14] [15] [16] The factors contributing to annuloplasty suture dehiscence remain largely unclear. Although clinical reports may be naturally attributed to surgical error, multiple groups have questioned the extent to which dehiscence likelihood is determined systematically. [17] [18] [19] [20] Quantification of such systematic factors would offer 2 principal benefits. First, in a review of recent literature (with mean patient follow-up >1 year), Khamooshian and colleagues 21 found insufficient evidence to establish any superior ring type, in terms of New York Heart Association class and ventricular function. Amidst such uncertainty, differences in anchoring performance would constitute a basis to discriminate among existing rings. Second, data describing the factors contributing to suture dehiscence would be instrumental in the development of controls to prohibit its occurrence.
Evidence is mounting that suture dehiscence likelihood can be targeted in this way. For example, using a deterministic simulation, Wong and colleagues 20 noted differences between 2 commercial rings in terms of virtual suture force in each posterior annulus segment (with peak difference >0.5 N at end diastole). By using a live ovine model coupled to in vitro imaging, we recently found that the clinical tendency for dehiscence from the posterior annulus [12] [13] [14] 22 likely derives from this region's reduced collagen density. 18 We further observed a stark redistribution of force after a single suture's tear-out to its 2 adjacent sutures, highlighting a potential dehiscence cascade mechanism. 17 These initial findings now motivate our pursuit to understand the impact of ring type, ring-annulus sizing, suture position, surgeon, and left heart hemodynamic conditions on suture loading. To this end, the present study sought to quantify suture forces required to tie-down and constrain true-sized and undersized Physio (Edwards Lifesciences, Irvine, Calif) and Profile 3D (Medtronic, Dublin, Ireland) rings within the ovine heart.
MATERIALS AND METHODS
A video description of the methodology used herein is provided in Video 1.
Suture Force Measurement
To measure tension in individual annuloplasty sutures, novel transducers were previously developed and demonstrated (Figure 1, A) . 19 Transducers were designed to report suture tension as a positive force. As previously described, transducers were calibrated with known forces exceeding those anticipated in vivo. Sets of transducers (N ¼ 10) were affixed to Physio or Profile 3D annuloplasty rings. Transducers were positioned at the left trigone, right trigone, and at evenly spaced locations around the remaining circumference ( Figure 1 , B-D). The flaccid annulus was sized using the sizer set corresponding to either ring type; either an undersized (2 sizes down) or true-sized ring of that type was selected. Transducer signals were zeroed before implantation in the cardioplegic heart. To implant the instrumented ring, one 2-0 Ti,Cron mattress suture (Medtronic) was passed through and tied to each transducer (ie, 10 total sutures) via a method analogous to normal attachment to a ring's suture cuff (Figure 1, E) .
Data were collected from 23 healthy Dorsett hybrid sheep. All animals received care in compliance with protocols approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania, in accordance with the guidelines for humane care. 23 Surgical protocols were performed by experienced mitral surgeons. For additional details on force transducer technology and experimental procedures, see Supplemental Materials and Methods or our previous publications. 18, 19 Tie-Down and Cyclic Contractile Force Analyses
For each suture, tie-down force (F TD ) was computed as the difference in force immediately before and after its tie-down (Figure 2, A) . Cyclic contractile force (F C ) was computed as the difference between the minimum and the maximum force recorded within a cardiac cycle (Figure 2, B) , averaged across 10 consecutive cardiac cycles. These forces were computed for 3 levels of maximum left ventricular pressure (LVP max ), namely, 100, 125, or 150 mm Hg. F C represents the tensile force to which a suture is subjected in the beating heart. It may be attributable to a range of factors, including annular bending out-of-plane or contraction in-plane, myocardial fiber dimension change, and aortic root expansion.
Averages are reported as mean AE standard deviation. Statistical analyses included Levene's test for differences in variance between ring types (SPSS, IBM Corporation, Armonk, NY), correlation analyses on VIDEO 1. A summary of the study's overall goal and approach, highlighting key tools, experimental procedures, and data types. Video available at: http://www.jtcvsonline.org/article/S0022-5223(17)31355-7/addons.
Abbreviations and Acronyms
ANOVA ¼ analysis of variance F C ¼ cyclic contractile force F TD ¼ tie-down force IMR ¼ ischemic mitral regurgitation LVP max ¼ maximum left ventricular pressure F TD versus F C (MATLAB, MathWorks, Natick, Mass), and 4 multiway analysis of variance (ANOVA) models, with Tukey's honestly significant difference tests, applied to F TD or F C (MATLAB). When Levene's test identified heteroscedasticity, its impact on ANOVA accuracy was confirmed to be negligible, according to published references. [24] [25] [26] [27] ANOVA models are described in Table 1 .
RESULTS
A summary of key animal and procedural characteristics and hemodynamic conditions during beating heart measurements is presented in Table 2 . Across all truesized or undersized annuloplasty cases, the postprocedural increase in transmitral gradient was 0.9 AE 0.4 mm Hg or 1.9 AE 1.6 mm Hg, respectively (measured at 100 mm Hg LVP max ). The F and P values obtained for all ANOVA models are shown in Table E1 .
Tie-Down Force
In early cases using the Physio ring, forces were not recorded during suture tie-down. F TD was measured in 4 of 10 Physio and 13 of 13 Profile 3D cases. Among these 17 cases, F TD was 2.7 AE 1.4 N (range, 0.0-8.0 N). On the basis of the ANOVA model 1, it was found that ring type, ring-annulus sizing, and suture position did not significantly affect F TD . Furthermore, no significant pairwise interactions among these factors were found.
Next, noting that no significant differences due to ring type or ring-annulus sizing were found, and desiring to examine the impact of surgeon on F TD , ANOVA model 2 was applied to a subset of 11 Profile 3D cases. These were performed by either of 2 surgeons (N ¼ 5 or 6 each), whereas no other surgeon performed more than 2 cases for which F TD was collected. As shown in Figure 3 , across all positions, surgeon 2 applied 29% more F TD than surgeon 1 (2.9 AE 1.2 N vs 2.2 AE 1.4 N; P ¼ .006). Across surgeons, only 1 pairwise significant difference was found among positions: The 1 o'clock sutures endured greater F TD than 5 o'clock sutures (3.6 AE 0.8 N vs 1.9 AE 0.9 N, P ¼ .048). In addition, 1 o'clock sutures nearly achieved significance versus multiple other positions. Interaction between surgeon and position was observed; notably, placement of the final 9 o'clock suture contributed greater F TD when performed by surgeon 2 (3.9 AE 1.2 N vs 1.3 AE 0.6 N, P ¼ .035).
Cyclic Contractile Force
Averaged across all conditions, F C was 2.0 AE 1.2 N (range, 0.2-7.3 N). F C from each ring type, ring-annulus sizing, and suture position at LVP max ¼ 125 mm Hg are presented in Figure 4 , A and B. These values are provided for each LVP max in Table E2 .
Results from ANOVA model 3 are given in Figure 4 , C to H. Consistent with prior findings, 18, 19 significant increases in In contrast, ring type did not significantly affect mean
With respect to suture position, placement at either trigone significantly increased F C versus numerous other positions. After accounting for 2-factor interactions, it was noted that LVP max did not significantly interact with any other factor, revealing that elevated LVP max affected F C uniformly. Ring type and ring-annulus sizing interacted. With Physio rings, true sizing conferred significant F C reduction (undersized Physio 2.2 AE 1.4 N vs true-sized Physio 1.7 AE 0.9 N, P <.001); undersized Profile 3D and true-sized Profile 3D did not differ significantly (2.1 AE 1.1 N vs 2.0 AE 1.1 N, P ¼ .545). Significant interactions also existed between suture position and either ring type or ring-annulus sizing. These data are provided in Figure E1 , but are more clearly understood after grouping sutures by region. Thus, ANOVA model 4 replicated model 3, but grouped sutures as anterior or posterior. Anterior sutures endured greater F C than posterior (2.3 AE 1.3 N vs 1.8 AE 1.0 N, P<.001). No significant interaction was observed between suture region and ring type (P ¼ .731). Interaction between suture region and ring-annulus sizing was more complex (Figure 4, H) . Anterior F C again exceeded posterior, across conditions (undersized-anterior 2.6 AE 1.3 vs undersized-posterior 1.8 AE 1.1 N, P < .001; true sized-anterior 2.1 AE 1.2 vs true sized-posterior 1.7 AE 0.9 N, P ¼ .031). However, the aforementioned capacity for true sizing to relieve F C was driven exclusively by differences along the anterior annulus (undersized-anterior vs true sized-anterior, P < .001; undersized-posterior vs true sized-posterior, P ¼ .812).
Last, it was noted that when undersizing, use of the Profile 3D led to more uniform F C across positions. Pooled standard deviation was significantly higher for the undersized Physio ring than the undersized Profile 3D (0.9 vs 0.5 N, P ¼ .036, Levene's test). No such differences were observed when true sizing. 
Tie-Down and Contractile Force Correlation
To understand the extent to which force used to tie-down a suture dictates the eventual cyclic contractile force (F C ) on that suture, correlation between F TD and F C was investigated. Among all 170 sutures for which F TD was recorded, linear regression was conducted between F TD and the corresponding F C at LVP max ¼ 125 mm Hg ( Figure 5 ), revealing R 2 ¼ 0.003.
DISCUSSION
Although clinical reports of suture dehiscence after mitral annuloplasty may be easy to dismiss as a result of mere surgical error, the present study demonstrated that the total force acting on annuloplasty sutures varies significantly with fundamental surgical choices (ie, ring type, ring-annulus sizing, and knot-tying technique) and use conditions (ie, circumferential suture position and ; pairs whose 95% confidence intervals do not overlap differ significantly (P <.05). F C , Cyclic contractile force; U-Ph, undersized Physio; T-Ph, true-sized Physio; LT, left trigone; RT, right trigone; LVP max , maximum left ventricular pressure; U-3D, undersized Profile 3D; T-3D, true-sized Profile 3D; U-Ant, undersized-anterior; T-Ant, true sized-anterior; U-Post, undersized-posterior; T-Post, true sized-posterior.
across all 3 LVP max levels). This suggests implantation (knot-tying) force may meaningfully affect dehiscence likelihood. Still, the summed quantity, F C þ F TD , cannot be assumed to represent the total suture force in the beating heart. It is plausible that F TD , measured immediately after suture tie-down, evolves postoperatively. Soft tissue viscoelasticity 28 is known to facilitate stress relaxation and creep; its impact in this context remains unknown. Baseline myocardial tone also may change after weaning from cardiopulmonary bypass and recovery from anesthesia. 29 Longer term, soft tissue also is capable of active remodeling in response to changes in homeostatic stresses. Such phenomena warrant further investigation.
With respect to suture anchoring, 3 main variables can be influenced by the surgeon. Among these, neither suture selection nor suture placement (bite width, bite depth, or height above leaflet hinge line) was explored in the present study, although we have previously observed dehiscence to occur after likely suture misplacement. 17 The third variable, knot tying force (F TD ), notably did not vary according to ring selection. However, F TD was shown to vary both according to circumferential suture position. When exploring Profile 3D rings only, F TD at 1 o'clock was highest (36% above mean F TD ), where it significantly exceeded that of 5 o'clock and nearly achieved significance versus multiple other positions. This may be explained by a combination of suture tie-down order (left trigone, then right trigone, then clockwise from 11 o'clock) and ring shape. The 1 o'clock and 9 o'clock sutures were unique in that they were each implanted after both of their respective adjacent sutures. At 1 o'clock, the higher annular collagen content 18 also might pose more resistance to suture knotting.
Further, significant discrepancies in F TD were observed between the 2 primary implanting surgeons in these studies ( Figure 3, A and C) . Averaged across 6 or 5 procedures, respectively, surgeon 2 applied 29% more F TD overall and 201% more F TD at 9 o'clock compared with surgeon 1. Additional data with more surgeons are warranted. Currently, it remains unclear what suture tie-down strategy, if any, is optimal for anchoring durability. If subsequent investigations are able to identify such an optimum, standardizing to that strategy across surgeons could create substantial value within the scope of the applicable procedures. Recent commentary has highlighted the vital role of surgical training for accurate and precise suture placement as a means to minimize likelihood of dehiscence. 30 Surgical training may ultimately play a similar role in the context of knot-tying.
F TD had no correlation to F C (R 2 ¼ 0.003). On the basis of these data, a knot tied with less tension would do little to alleviate that suture's additional load during cyclic cardiac contraction. Of note, this finding indicates that although total suture force may be composed of both F TD and F C ; the former does not dictate the latter. This may be explained by other as yet unmeasured factors, such as tissue stress relaxation or postoperative myocardial changes, as noted earlier. This advances the notion that suture dehiscence may be driven by more than pure operator error and must be addressed at least in part at the level of device design or selection.
Unlike F TD , which was unaffected by ring-annulus sizing and type, F C showed significant dependence on ring selection. Use of a true-sized ring reduced F C . This was expected, because true sizing does less to reshape the annulus. However, it was effective only by way of reducing anterior forces. Of note, mitral annular suture holding strength is greater on the anterior aspect, creating a higher likelihood of dehiscence from the posterior. 18 Thus, although true sizing certainly appears beneficial for anchoring stability as a whole, it does not directly affect the most pertinent anchoring region. A ring design or approach that preferentially relieves posterior suture forces might achieve superior outcomes with respect to dehiscence.
Contrary to our expectations, use of the saddle-shaped Profile 3D did not significantly relieve F C compared with the flatter Physio. Although the exact mechanism for this observation cannot yet be confirmed, we hypothesize that the Profile 3D's increased rigidity compared with the ''semi-rigid'' Physio plays an important role. A stiffer ring could increase F C overall by complying less with cyclic annular motion. Yet, it might also reduce variability between positions by more thoroughly transmitting force around its circumference. We speculate that when undersizing, the impact of the Profile 3D's rigid, saddle-shaped design manifested as forces that are overall slightly reduced but significantly more balanced. However, the benefits of true sizing were meaningfully diminished when using Profile 3D, as the effects of its rigidity dominated. Although the present study provides a direct comparison between 2 prominent commercially available rings, it does not decouple the distinct influences of ring shape and stiffness on suture force. Subsequent studies investigating these parameters are now under way. Greater understanding of the factors affecting mitral ring suture forces will likely support development of improved annuloplasty ring devices. These data may be used to inform device design and testing while providing data for comparison. Currently, annuloplasty rings may cleared for use in the US market via the Food and Drug Administration's 510[k] pathway. Among annuloplasty ring 510[k] submissions to date, suture pullout testing has been nearly ubiquitous. In effect, these comparisons aim to establish that the likelihood of dehiscence is substantially equivalent to existing devices. However, the present study suggests that dehiscence likelihood for a given device may not be solely determined by anchor pullout performance. The spatial distribution of suture forces generated during cardiac contraction varied significantly between the Physio and the Profile 3D. Quantification of in vivo loading may prove an important criterion for device performance assessment; to that end, the present data may function as critical references for devices implanted using annular sutures. In vivo loading may be important to assess in next-generation percutaneous devices, many of which use novel anchor types and placement patterns.
An additional, direct application of the present data may be an input to computational modeling for device design. Computational research is increasingly used in the medical device industry; recent reports by the FDA have embraced its importance in the design process. 31, 32 Modeling of ''virtual patients'' serves to enable simulation of complex in vivo dynamics, at times offering value to preclinical testing unmatched by in vitro, cadaver, or animal studies. Ground-truth data describing loading of annular sutures (during tie-down of cardiac contraction) may constitute critical boundary conditions or reference points to validate model performance. The present F TD data, which did not vary with ring type, is likely applicable to a range of mitral implants. F C data should be applied to computational simulations more conservatively, on a device-specific and sizing-specific basis.
Study Limitations
Limitations of our force-sensing technology have been described. 18, 19 In the present study, which compared across ring types of different stiffnesses, it should be further noted that the rigid transducers themselves did have some consistent stiffening effect on all rings. Although this conceivably dampened the effect size when comparing the Physio with the Profile 3D, manual manipulation of the instrumented rings revealed that this effect was minor (ie, the Physio maintained its relative flexibility). Next, in our evaluation of the role of surgeon in F TD , ring-annulus sizing was distributed asymmetrically across surgeons (Table 2) . However, ring-annulus sizing did not significantly affect F TD , suggesting this only minimally affected our findings. Last, we note that ANOVA testing across individual positions was less sensitive than other tests because of the multiple comparisons across 10 positions combined with the limited sample size. It is possible that some pairwise differences between suture positions went undetected.
CONCLUSIONS
Reducing the potential for harm associated with ring dehiscence is an important and evolving concept, which may be facilitated by greater understanding of the factors governing anchor retention. Forces acting on annuloplasty sutures are nonuniform and influenced by ring type, ring-annulus sizing, suture position, LVP max , and surgeon (knot-tying technique). In total, these findings motivate increased standardization of suture tying technique and enhanced design and regulation of annuloplasty rings and related valve-repair devices. In pursuit of ring designs that preferentially reduce loading along the weaker posterior mitral annulus, further study should clarify the isolated effects of ring shape and ring stiffness.
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SUPPLEMENTAL MATERIALS AND METHODS Suture Force Measurement Technology
Suture force transducers are shown in Figure 1 . Each transducer consisted of a strain-gage sensing element (Figure 1, A, arrow c) bonded to a biocompatible (316L stainless steel) bracket-shaped spring element. Ten transducers were fixtured around the circumference of an annuloplasty ring of interest by passing dedicated sutures through the ring's suture cuff and the transducer's fixturing holes (Figure 1, A, arrow a) . Wiring (Figure 1, A, arrow d) connected the strain gage to data acquisition hardware and custom LabVIEW-based software (all from National Instruments, Austin, Tex).
Once a suture was looped through a transducer's mounting holes (Figure 1, A, arrow b) , any tension on that suture passed through the strain gage and generated a detectable voltage response. Suture force is detected as a positive signal. The temporal limit of the system was 0.6 ms, and the force resolution limit was 0.1 N. Calibration of each transducer was performed before and after all experiments, using forces in excess of those anticipated in vivo. This process demonstrated a highly linear voltage-force relationship (R 2 > 0.99 in all cases). Given the dimensions of the transducers and the positions of the mounting holes, an instrumented ring was effectively 1 ring size larger than in its uninstrumented form.
Experimental Protocol
Each of 23 healthy Dorsett hybrid sheep was intubated, anesthetized, and ventilated with isofluorane (1.5% to 2%) and oxygen. Surface electrocardiogram and arterial blood pressure were monitored, and baseline apical echocardiography was performed (2-dimensional, 3-dimensional, color Doppler, and pulsed-wave Doppler). After establishing cardiopulmonary bypass, a left atriotomy was performed to expose the mitral annulus. The flaccid annulus was sized using the sizer set corresponding to either ring type, per manufacturer instructions; either an undersized (2 sizes down) or true-sized ring of that type was selected. Ten Y-31 Ti,Cron sutures (Medtronic, Dublin, Ireland) were passed in the mitral annulus, through evenly spaced positions corresponding to the 10 suture force transducers affixed to the annuloplasty ring. These sutures were passed through the mounting holes of the transducers' measurement arms (Figure 1, A, arrow b) . Just before suture tie-down, all force transducer signals were zeroed and recording was begun. Recording continued until after animal sacrifice. Sutures were tied in a consistent sequence (left trigone, right trigone, then clockwise from 11 o'clock). After left atrium closure, the animal was weaned from cardiopulmonary bypass over approximately 30 minutes. A high-fidelity pressure transducer was passed to the left ventricle for continuous LVP recording. On the reestablishment of baseline hemodynamics, (4.0 L/min cardiac output, 100 mm Hg LVP max ), real-time 3-dimensional and standard 2-dimensional echocardiography were performed to verify normal ventricular function and transvalvular pressure gradient. Suture forces were recorded at LVP max ¼ 100 mm Hg, and subsequently under increased afterload (ie, LVP max ¼ 125 and 150 mm Hg). Elevated LVP max was achieved via a continuous infusion of neosynephrine and dobutamine. After in vivo data collection, the animal was euthanized with an injection of 80 mEq KCl. The heart was explanted and examined to verify sutures were placed correctly and remained intact. 
